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Abstract 
A comprehensive performance evaluation index that reflects the heat transfer capacity of the metal hydrides reactor 
was introduced, and some advantages of this index were discussed. A mathematical model of hydrogen adsorption 
and desorption was set up, and the validity of the model was confirmed by experimental data reported in literatures. 
Numerical simulations about working processes of two types of classical reactors (tubular and disc reactor) were 
performed. The results of comparative study show that the new index can be used in a quantitative evaluation of the 
reactor performance, and it is more reasonable than traditional ones. 
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1. Introduction 
The development of the global economy has been based on the existence of large reservoirs of fossil 
fuels. However, current energy technologies cannot support both a reduction in carbon dioxide emissions 
and an ever expanding global economy [1]. It is now recognized that hydrogen may be one of the leading 
contenders as a potential alternative to fossil fuels, especially for transport, heat and power generation, as 
well as energy storage. In these application fields, the hydrogen supply devices with mature technology, 
economy, safety and miniaturization would be considered firstly. Based on the above concerns, the room 
temperature type metal hydride hydrogen tank would be one of the best choices [2]. 
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Nomenclature 
A Heat transfer area of the reactor (m2) 
Cp Specific heat (kJЬkg-1ЬK-1) 
Ea Adsorption activation energy (J•mol-1) 
Ed Desorption activation energy (J•mol-1) 
G Mass flow rate of heat transfer fluid (kgЬs-1) 
K Permeability (m2) 
M Mass of metal hydrides (m2) 
Ms Molar mass (gЬmol-1) 
P Pressure (MPa) 
Q Quantity of heat (kW) 
R Universal gas constant 
T Temperature (K) 
V Velocity of gas (mЬs-1) 
X Reactive fraction 
Kc Comprehensive performance index 
NTU Number of transfer unit 
ΔH Enthalpy of reaction 
h Heat transfer coefficient of surface (WЬm-2ЬK-1) 
t time(s) 
Greek Symbol 
ρ Density (kgЬm-3) 
λ Thermal conductivity (WЬm-1ЬK-1) 
ε Porosity 
subscript 
ave Average 
m Mean value 
f fluid 
s  solid 
g gas 
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    Metal hydrides have been extensively studied as candidate materials for hydrogen storage in vehicular 
and other applications. As the key component of metal hydrides system, the heat transfer capacity of 
reactor has a very important effect on the whole system performance. Because hydriding processes 
release large amounts of heat, as dictated by the heat of reaction. If the heat is not removed efficiently, the 
temperature rise can be so large that the process will stall. Furthermore, metal hydrides may sinter at high 
internal temperatures and lose hydrogen storage capacity [3]. The dehydriding process requires heating at 
a specific temperature, dictated by chemical thermodynamics, to proceed. Without sufficient heat supply, 
the release of hydrogen will cease because of the reduced temperature in the hydride bed. Therefore, 
enhanced internal heat transfer is essential to improve system performance and to maintain system 
reliability [4]. In this field, many investigators have done a lot of work. Some people also proposed 
several indices to evaluate the reactor performance, such as effective thermal conductivity and reaction 
rates [5-7]. However, existing performance indices can't reflect the reactor performance in a whole sense, 
especially for heat transfer features, which determine the hydriding and dehydriding rates of metal 
hydrides directly. Therefore, developing a more reasonable index to evaluate the reactor performance is a 
significant issue for reactor design and manufacture. 
    In this study, a comprehensive performance evaluation index which can reflect the heat transfer 
capacity of the reactor is proposed, and some advantages of this index are presented. Numerical 
simulations about the working processes of two types of classical reactors (tubular and disc reactor) are 
also performed. Through the comparative study, we can get that the new index shows the superiority over 
other traditional indices. 
2. Definition of the new index 
    The basic heat transfer process between metal hydrides powders and fluid are shown in Fig. 1 
 
Fig. 1  Basic model of heat transfer process between metal hydrides and fluid 
     As shown in Fig. 1, the reactive heat of hydriding process will be removed by the heat transfer fluid. If 
the contact resistance can be ignored, the energy equation about heat transfer fluid can be set as 
 
 , 2 1p fQ Gc T T                  (1) 
 
where G(kg•s-1) is the mass flow rate of fluid, cp,f is the specific heat capacity, and T1,T2 are inlet and 
outlet temperature of fluid, respectively. According to the heat transfer equation, the thermal energy 
transfered from metal hydrides to fluid can be also described as: 
 
 ave mQ hA T T                  (2) 
 
where h(W•m-2•K-1) is the convective heat transfer coefficient, A(m2) is the overall heat transfer area of 
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reactor, Tave is the average temperature of reactive bed, and Tm is the arithmetic mean value of fluid 
temperature. 
     Substituting Q into Eq. (1), we obtain 
 
   , 2 1p f ave mGc T T hA T T                                                                                                            
(3) 
 
    Rearranging above equation, the following equation can be get 
 
 
 2 1p ave m
T ThANTU
Gc T T
                                                                                                            
(4) 
 
    In above equation, NTU(Number of Transfer Unit) is a dimensionless constant. From the view of the 
thermal economic analysis, since h stands for operation cost, and A means the initial cost of the reactor, 
NTU can be thought as the estimation index of the heat transfer capacity of the reactor. Under the 
condition of the temperature difference of heat transfer fluid fixed, when NTU increasing, the value of 
Tave will approaches Tm, which means the average temperature of reactive bed will close to the average 
temperature of heat transfer fluid, and the reactor will have higher heat transfer capacity. On the other 
hand, the reaction rate and total mass of metal hydrides in the reactor are another two important 
influencing factors for the reactor performance. From above analysis, we can define a new reactor 
performance evaluation index as follows: 
 
M XKc
NTU t
' '                                                                                                          
(5) 
 
where M is the overall mass of metal hydrides in the reactor, X is average reactive fraction of metal 
hydrides, and it can be described as:  
  
 sat
H M
X
H M
                                                                                                                                     (6) 
 
where (H/M) is a ratio of the number of H atoms to the number of M(metal) atoms, subscript sat is the 
saturation state of hydrogen adsorption, and ΔX is defined as: 
 
e iX X X'                                                                                                                                      (7) 
 
where Xi and Xe are average reactive fraction of initial and end sate of reaction process, respectively, and 
Δt is the duration of the reaction, which is described as: 
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e it t t'                                                                                                                                             (8) 
 
where te and ti are the moment of reaction starting and ending sates, respectively.  
    The parameter Kc(kg•s-1) is a comprehensive performance evaluation index, which not only determined 
by properties of alloy, but also by the heat transfer parameters of the reactor, such as heat transfer area, 
convective heat transfer coefficient, mass flow rate of fluid, and so on. Kc means the reaction mass of 
alloy in the reactor per unit time and per unit NTU, which reflect the effect of heat transfer capacity on 
mass reaction rates. Under the same operating conditions, more higher Kc means more higher reaction 
rates and better thermal economical efficiency because it indicates that the reactor has higher heat transfer 
efficiency, which results in higher reaction rate of the reactor. Above analysis is very important for 
reactor design, because it reveals that the reactor performance improvement is actually based on the 
overall heat transfer optimization with many parameters involved, e.g. heat transfer area, convective heat 
transfer coefficient, fluid flow rate, etc. Because of the high nonlinear relationship among these 
parameters, relative research needs to be carried out by numerical simulation or experimental method. 
3. Numerical simulation and comparative study  
    In this study, a tubular and a disc reactor are chosen for simulation, and computational domain are 
shown in Fig. 2 
 
Fig. 2  Schematic diagram of computational domain of two reactors (a) tubular reactor (b) disc reactor 
    According to the configuration features of two reactors, the cylindrical coordinate control equations are 
selected to form the mathematical model of working processes of the two reactors. The mass conservation 
equation of hydrogen can be written as: 
 
   g g gdiv V mtH U Uw   w                                                                                                              (9) 
 
where ε is the porosity of the metal hydrides bed, Vg is the flow velocity of the hydrogen, Ug is the 
hydrogen density, and m  is the mass source term. 
    The mass conservation equation of metal hydrides is described as: 
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1 s m
t
UH w  w                                                                                                                                  (10) 
where Us is the density of metal hydrides. 
    The energy equation of reactive process can be set as: 
 
 
  
, ,
, ,
1
p e e g p g gr g p g gze
p g p s
T T T T Tc r c V c V
t r r r z z r z
m H T c c
U O O U Uw w w w w w w§ · § ·    ¨ ¸ ¨ ¸w w w w w w w© ¹ © ¹
'  
                    (11) 
 
where cp,s and cp,g are specific heat capacity of metal hydrides and hydrogen, respectively; ΔH is the 
reactive enthalpy, Oe is the effective heat conductivity, and it's defined as 
 
 1e g sO HO H O                                                                                                                             (12) 
 
    Analogously, (ρcp)e can be set as: 
    , ,1p g p g s p sec c cU HU H U                                                                                                        (13) 
 
    The moment equation of hydrogen is:  
 
g g
g
KV PP                                                                                                                                        (14) 
 
where K (m2) is the permeability of the metal hydrides bed, and Pg is the dynamic viscosity. 
    The reaction kinetics of hydrogen adsorption process is: 
 
exp lna s sa
sse s
E P H Hm C
RT P M M M
U§ · ­ ½§ · § ·  ® ¾¨ ¸ ¨ ¸¨ ¸ © ¹© ¹ ¯ ¿© ¹                                                                         (15) 
 
where Ca(s-1) is the adsorption constant of metal hydrides, Ea(J•mol-1) is adsorption activation energy of 
the material, and Ms is the molar mass of the metal hydrides.  
    The reaction kinetics of hydrogen desorption process is described as: 
 
exp d e sd
e s
E P P Hm C
RT P M M
U§ · § ·  ¨ ¸¨ ¸ © ¹© ¹                                                                                            (16) 
 
where Cd(s-1) is the desorption constant of metal hydrides, Ed(J•mol-1) is desorption activation energy of 
the material, and Pe is the equilibrium pressure of metal hydrides, which can be set as [8]: 
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0
1 1expe
g
H HP f
M R T T
§ ·§ ·'§ · ¨ ¸¨ ¸¨ ¸ ¨ ¸© ¹ © ¹© ¹
                                                                                                 (17) 
where f(H/M) is the equilibrium pressure at reference temperature. 
    In order to verify the correctness of the model, a comparison between simulation and experimental 
study results in literature [9] are shown in Fig. 3. 
 
Fig. 3 Comparison between the simulation and experiment results 
    From Fig. 3, we can get that the results of the simulation agree quite well with the experiment results, so 
the mathematical model is reasonable, and this model can be used to simulate the working processes of 
the two types of reactors. 
    The initial and boundary conditions are shown as follows: 
    Initial conditions(t=0): 
  0, ,0s x rU U                                                                                                                                  (18a) 
    0, ,0 , ,0s gT x r T x r T                                                                                                            (18b) 
  0, ,0gP x r P                                                                                                                                   (18c) 
    Boundary conditions(t>0) 
       , 10, , , 10, 0g s TP x r t P x r tr
w    w  (tubular reactor)                                                (19a) 
   0, , 0, , 0g s TP x r t P x r tx
w    w  (disc reactor)                                                        (19b)    0, , 0, ,0, 0P x r t T x r t
x x
w  w    w w  (tubular reactor)                                                    (20a) 
   , 52, , 52,0, 0P x r t T x r t
r r
w  w    w w  (disc reactor)                                                       (20b) 
   29.5, , fT r x t h T Trw   w  (tubular reactor)                                                                          (21a) 
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10, , fT x r t h T Txw   w   (disc reactor)                                                                                 (21b) 
    Some operating parameters and reactor configuration parameters for simulation are listed in Table 1. 
Table 1. Parameters for numerical simulation 
Parameters Value 
Adsorption Desorption 
M ( kg) 0.519 0.519 
h (W•m-2•K-1) 2500 10000 
A (m2) 0.008 0.008 
Gf  (kg•s-1) 0.85 0.85 
cp,f ( kJ·kg-1·K-1) 4.186 4.186 
Tf (K) 293 353 
P (MPa) 0.8 0.15 
NTU 5.62 22.5 
     In this study, the commercial software COMSOLE MULTIPHYSICS 3.5 is chosen as the simulation 
tools, the unstructured grid are used to form computational domain. The alloy LaNi5 is selected as the 
working materials, and relative thermo-physics parameters are shown in Table 2. 
Table 2. Thermo-physics Parameters for LaNi5 and H2 
Parameters LaNi5 H2 
U(kg·m-3) 8300 0.0838 
cp,s(J·kg-1.K-1) 419 14.89 
O(W·m-1·K-1) 2.4 0.24 
Ms(g·mol-1) 432 2 
ε 0.55  
Adsorption 'H(kJ·H2mol-1) 21.170  
Desorption 'H(kJ·H2mol-1) 16.42  
Ca(s-1) 59.187  
Cd(s-1) 9.57  
K(m2) 1.33u10-12  
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Fig. 4 Comparison of reaction rates (a) adsorption (b) desorption 
     The reaction rates of hydrogen adsorption and desorption processes about two reactors are shown in 
Fig. 4. It shows that the reaction rate of disc reactor is more faster than tubular reactor. Please note that 
this result is only a qualitative result, especially the effect of heat transfer capacity of reactor are not 
reflected. However, if the new index is selected to evaluate the two reactors, quantitative results can be 
obtained, as listed in Table 3. 
Table 3. Comparison of different indices 
Reactor state Reaction rate 
'X/'t/s-1 
Effective conductivity  
Oe/W·m-1·K-1 
Comprehensive index 
Kc/kg.s-1 
Tubular reactor Adsorption 3.77u10-4 1.32 3.53u10-5 
 Desorption 4.52u10-4 1.32 1.04u10-5 
Disc reactor Adsorption 5u10-4 1.32 5.37u10-5 
 Desortption 5u10-4 1.32 2.65u10-5 
    Table 3 presents different results by use of different indices to evaluate the reactor performance under 
the same operating conditions. If the effective conductivity is used, the results of evaluation show no 
difference in the performance of the two types of reactors. If the reaction rate is used, the difference 
between adsorption and desorption processes of disc reactor can't be seen. However, if the new index is 
used, the specific information of reactor performance can be reflected, the new index shows the 
superiority over other two indices, because it takes account of the effect of heat transfer capacity of the 
reactor. 
4. Conclusions  
   A comprehensive performance evaluation index of metal hydrides reactor was proposed. Through 
numerical simulation and comparative study. We concluded that the new index own superiority over 
traditional indices, because the new index reflected the effect of heat transfer capacity of reactor on the 
reaction rates, and it can be used to evaluate the reactor performance in a whole sense. 
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